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The S. bovi8 enzyme differs in one important aspect from all of the plant, yeast and mould cxgalactosidases. All of these latter enzymes have broad pH optima over the range 3B5-5 or 6. S. bovi8 c-galactosidase, however, has optimum activity over a narrow pH range (5.6-6.3) and is inactive at pH 30-4-0. The enzyme possesses normal transferase activity when the concentration of acceptor is above 1 %; melibiose, sucrose and raffinose act as acceptors. The compounds synthesized by transferase action were not isolated and examined chemically. The evidence from paper chromatograms, however, supports the conclusion that their formation involves galactosyl transfer to C-6 of the galactosyl unit of melibiose and raffinose or of the glucosyl unit of sucrose.
The properties of S. bov'i8 o-galactosidase with regard to pH and temperature optima reflect the conditions of the organism's natural habitat in the rumen. Likewise substrate specificity is in agreement with the known occurrence of raffinose and galactosylgalactosylglycerolin many pastureplants. Apart from any interest in the enzyme itself it should be of value in structural studies on some of the more complex naturally occurring galactosylsucroses, particularly as, provided that phosphate is absent, the extract does not hydrolyse sucrose. Phenoxymethylpenicillin [penicillin V, (I)] was first prepared and its formula established by Behrens, Corse & Edwards (1948) . Its potential use in the oral administration of penicillin was not realized until Brandl & Margreiter (1954) showed that it was much more stable to acids than other then known penicillins. The free acid itself is unusual among penicillins in being easily crystallizable in a solvent-free state. Brandl & Margreiter (1954) suggested that these unexpected properties might be caused by some conformational change within the molecule which could permit hydrogen bonding, e.g. between the ,B-lactam oxygen atom and the side-chain CH2 or NH group. Crystallographic studies were therefore undertaken to investigate the geometrical characteristics of the compound, both as the sodium salt and as the free acid. Preliminary work on the sodium salt (Hurdman, 1959) showed that the phenoxymethylpenicillin ion was very similar in conformation to benzylpenicillin. The present study is concerned with the X-ray analysis in greater detail of crystals of the free acid, phenoxymethylpenicillin.
EXPERIMENTAL Brandl & Margreiter (1954) described the crystallization of penicillin V, among other ways, from acetone solutions on the addition of water. This method was used to grow crystals for the X-ray analysis. A solution of the free acid in acetone was introduced into a capillary tube and water was added slowly at the surface of the acetone solution. Small crystals thus formed sank through the liquid, growing rapidly as more water was added. In this way, crystals were obtained varying from about i mm. long in the lower part of the tube to an almost microcrystalline mass higher up. They occurred in two forms, according to their rate of growth: diamond-shaped plates on {001} and monoclinic sphenoids. Both varieties were used in the X-ray analysis.
Crystal data
The crystal data for phenoxymethylpenicillin (C16H18N205S, M = 350-4) may be summarized as follows: monodlinic sphenoidal, a = 12-79±0-02k, b = 11-236±0-007k, Collection of intensity data Initially, small crystals were selected (0-3 mm. x 0-2 mm.
x 0-1 mm.) and Weissenberg photographs were taken about the b axis. For correlation, a series of photographs of the layers 0-7 about the [110] axis was then taken with a larger crystal (0-6 mm. x 0-3 mm. x 0-3 mm.).
Comparison of the two sets showed that the crystals underwent slow decomposition in the X-ray beam. Marked variation was found in the intensities of reflexions from crystals which had been in the beam for some time, though the correlation was good for reflexions from fresh crystals. The b-axis series was therefore rephotographed with three larger crystals to compare with the [110] series, and a further correlating a-axis zero-layer Weissenberg photograph was also recorded.
The first two series of intensities were estimated visually by using a scale. The rephotographed b-axis series was measured with a microdensitometer, together with the a-axis photograph and the first four layers of the [110] series. Spot-shape variations were serious and were corrected as follows. The areas of a representative number of spots were measured as accurately as possible and, from these measurements, graphs were drawn giving the variation of spot shape with the co-ordinate on the film. From these graphs, the area of each spot was estimated by interpolation and the product of the density and area was taken as proportional to the intensity. The The modification function employed was chosen as the result of a study of the effects of various functions on the shape of peaks in Patterson series (Abrahamsson & Maslen, 1960, and unpublished work) . This study indicated that, in the three-dimensional case, a high weight could be given to the outer terms without serious trouble from diffraction ripples, and that this weighting both increased the resolution of the peaks ('sharpening' effect) and also favourably enhanced vectors due to moderately heavy atoms such as sulphur in the presence of light atoms. Fig. 1 shows some of the peak shapes calculated in relation to penicillin V. Even with outer terms given 60 times higher weight than inner ones, the first diffraction minimum is less than 20 % of the peak height. At the same time the relative height of the S-S vector peak is increased considerably (cf. Hodgkin & Maslen, 1961) .
In the structure analysis of penicillin V, the first threedimensional Patterson synthesis calculated on Deuce was based on only slightly sharpened coefficients corresponding approximately to A in Fig. 1 . Its Harker section (Fig. 2) showed three prominent peaks, A, B and C, of which C could be excluded as a S-S vector owing to its proximity to the twofold axis. An attempt was made to solve the structure by relating the remaining peak positions with the S-S vector based on either A or B. In both cases, it seemed 33-2 515 Vol. 86 The situation became much clearer when the Patterson series was recalculated with terms modified as in B in Fig. 1 . The Harker section (Fig. 3) showed A as the most prominent peak and it seemed certain that this was the S-S vector. The three-dimensional distribution was therefore investigated throughout to identify the S-light atom vectors. Peaks down to one-sixth of the origin height were picked out and examined mathematically to find pairs related by the S-S vector. Thirty-one such pairs were found which give the combined peak distribution shown in Fig. 4 . The sulphur atom here is arbitrarily given the y coordinate 0. The sign of the y co-ordinates for the other atoms was initially indeterminate. However, by using 0 5A 
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A normal bond lengths and bond angles, it was easy to fit the whole molecule over the peak pattern except for one atom. Of the observed coincidences nine did not correspond to the atomic positions but they never disturbed the fitting of the molecule. It is clear that, in the 'point atoms at rest' synthesis, the solution of the Patterson distribution is simplified since the aggregrates of light atom-light atom vectors are broken up and their relative heights reduced. The synthesis is equally powerful if the vector-correlation process used to define atomic positions is carried out by formal superposition methods. Fig. 5 shows the section at y = 0 for penicillin V derived from a superposition programme wvritten for the Mercury computer to give Buerger's minimum function. Although it is based on the sharpened Patterson distribution and the sulphur atom positions only, it is extremely close to the corresponding electron-density section, later evaluated (see below).
Structure refinement
For the first structure-factor calculation all atoms were included except those of the carboxyl group of which one atom was missing in the Patterson distribution obtained.
For sulphur the scattering curve of Viervoll & Ogrim (1949) was used, and for carbon, nitrogen and oxygen those of Berghuis et al. (1955) . Programmes for the computer Mercury were those described by Mills & Rollett (1961) .
A three-dimensional electron-density series calculated on the first structure-factor set gave the remaining atoms.
Their co-ordinates and the n-shifted (n = 1.75) coordinates of the other atoms were found from the maps by a 19-point computer programme written by Dr R. Sparks. A second round of Fourier refinement was performed and then anisotropic least-squares refinement was started. In this refinement, each atom was assigned three co-ordinates defining its position and also parameters to account for its apparent anisotropic thermal vibration within the crystal (cf. Lipson & Cochran, 1953) . The quantity ELv(F0 -F)2 was minimized where:
At the third round of least-squares calculations, hydrogen atoms on those carbon atoms which showed normal tetrahedral or trigonal angles were included in the structure-factor calculations with positions found with programmes for the Mercury computer written by Dr Sparks.
Their parameters were not refined.
At one stage the least-squares refinement was checked by comparison with a difference synthesis. Shifts indicated in positional and thermal parameters were in general agreement with those suggested by the least-squares round. At the sixth round ofleast-squares refinement shifts were about one-tenth of the estimated standard deviations and the refinement was stopped. The R value was then 12-6 % for all observed refiexions.
A difference synthesis was calculated on the structure factors at this stage to try to locate the hydrogen atoms not included in the structure-factor calculations. These hydrogen atoms were two attached to C(6) and C(7), one attached to the amide N(14) and one expected near the carboxyl oxygen, 0(13). Peaks show up at all the positions; they cannot, however, be quoted as good evidence for the presence of hydrogen atoms at these sites since there are still background fluctuations in the electron distributions of about 0-7 e/k8, which are of the same order of magnitude. Table 1 , the vibrational parameters in Table 2 and the observed and calculated structure factors in Table 3 .
The bond lengths and angles within the molecule are recorded in Table 4 and illustrated in Fig. 6 .
With the usual formula (Cruickshank & Robertson, (1953) standard deviations, a', in the bond lengths were calculated by using average values for positional deviations and approximating these to be independent of direction: Vol. 86 519 Table 1 (a). Atomic co-ordinates (fractional) of phenoxymethylpenicillin (7) 0 (8) C (9) C (10) C (11) 0 (12) 0 (13) N (14) C (15) For the bond angles (C-C-C) the deviation was estimated to be of the order of 1.50. These values are clearly too small compared with the range of values for distances and angles actually found in the benzene ring (1-38-1-451; 115-126°). This may be partly due to the fact that, in the standard formula, the covariances are neglected; these are likely to be large since the axes are not orthogonal. The reliability of the molecular parameters is of the same order as that reached by J. S. Rollett and A. Vaciago (personal communication) in a refinement of the structure of potassium benzylpenicillin from results obtained by Pitt (1952) . In both crystal structures, the quality of the intensity data seriously limits the accuracy that can be achieved. The bond lengths observed within the molecule and the packing of the molecules in the crystal indicate that the phenoxymethylpenicillin molecule is present as the free carboxylic acid. The packing relations are illustrated in Fig. 7 . As in the crystal structure of potassium benzylpenicillin (Crowfoot, Bunn, Rogers-Low & Turner-Jones, 1949) , the molecules make contact with one another in alternate layers which contain either the hydrocarbon parts of the molecule (benzene rings and methyl groups) or the polar groups. Details of the [10-5(bllh2 + b22k2 + N N -(7 non-polar layers are drawn in Fig. 8 , which shows the contact distances less than 4A between atoms in this region. There is an additional contact, not included in Fig. 8 0(12) should be the hydroxyl oxygen of the carboxyl group; in agreement with this, C(11)-0(12) is 1*35A and C(11)-0(13) 1-21A. Within each molecule there is a short contact distance of 2-83A between 0(13) and N(4). There are no short hydrogen-bonded contacts across the polar layers. The appearance of the phenoxymethylpenicillin molecule as a whole is shown in Fig. 10 . It differs from the benzylpenicillin ion in several features, both in individual bond lengths and in details of the molecular conformation. The two molecules are directly compared in Figs. 11 and 12 which show * The average C-C length is 1-545k; the average deviation from 1-54A is 0-03A, and the maximum deviation 0 05A. In the benzene ring, the average C,,-Cr length is 1-413i; the average deviation from 1-39A is 0-035A, and the maximum deviation 0-06A.
projections of the observed atomic positions on two planes, the first defined by the P-lactam amide group in each molecule, the second by the amide side chain.
In the more rigid parts of the two molecules, the thiazolidine and g-lactam rings, the general configuration and many of the bond lengths are very similar. Four of the atoms of the thiazolidine ring in phenoxymethylpenicillin lie at distances 0-04A or less from a single plane; the fifth, C(3), deviates by 0*51 A (Table 5 ). The atoms of the P-lactam ring are also within 0-04X of a single plane, from which 0(8) deviates, as in benzylpenicillin, by 0-151 (cf. Pitt, 1952) . However, the C(7)-N(4) distance in the ,-lactam ring is longer in phenoxymethylpenicillin than in benzylpenicillin, 1-46k compared with 1-35k, whereas the C(7)-0(8) distance is a little shorter, 1-21 k compared with 1-24A. Owing to the uncertainties in the measurements, the differences 34 are probably not as great as they now appear; as the figures stand, they suggest, as is very reasonable, that there is a greater contribution from normal amide resonance to the bond character in benzylpenicillin than in penicillin V.
Other differences between the two molecules arise from small rotations about the different single bonds, particularly C(3)-C(11), C(6)-N(14) and the bonds attaching the benzene rings. The most obvious effect of these rotations is to change the position of the benzene ring from one nearly parallel with the P-lactam-thiazolidine system in benzylpenicillin to one considerably inclined to these rings in phenoxymethylpenicillin. As Figs. 11 and 12 show, the plane of the benzene ring is nearly perpendicular to the plane of the amide side chain in the first case and nearly perpendicular to the plane of the f-lactam ring in the second. Such changes may, of course, be largely due to packing Bioch. 1963, 86 Vol. 86 529 conditions within the crystal. The small rotation of the side chain around C(6)-N(14) has, however, one effect that may be significant in relation to the molecular reactivity, that the 0(8)-0(16) distance is greater in penicillin V than in benzylpenicillin, 4.21 compared with 3-81.
The only region where it seems possible that an internal hydrogen bond exists in phenoxymethylpenicillin is between 0(18) and NH(14). In both molecules, 0(18) lies very near to the plane of the amide group atoms N(14), C(15), 0(16) and C(17). This position is one of those preferred on conformational grounds since it enables the hydrogen atoms of the CH2 group to stagger the C0= bond.
It brings both N(14) and the attached hydrogen atom, if this lies in the plane of the amide group, into close contact with 0(18). But though the bond angle at C(17) is larger than tetrahedral in benzylpenicillin, as if to stretch the contact distance, it is a little smaller than normal in phenoxymethylpenicillin. As a result, the contact distances observed are shorter in phenoxymethylpenicillin than in the benzylpenicillin ion; N(14)-0(18) is 2-581 and the corresponding estimated hydrogen contact distance is only 2-10k. The situation in phenoxymethylpenicillin seems comparable with that found in many a-amino acid structures where the amino group tends to lie in the plane of the carboxyl ion, as if some attraction existed between the nitrogen and oxygen atoms, whether due to their opposite charges or to the presence of hydrogen on the nitrogen atom. Here any hydrogen bond would necessarily be non-linear and very weak; the effect of the close contact between NH(14) and 0(18) may still be sufficiently strong to influence the reactivity of the amide nitrogen atom These results agree well, as far as they go, with the observations of Doyle, Nayler, Smith & Store (1961) on new types of acid-stable penicillins. These authors correlate the stability towards acid of penicillins with the electron-repelling characteristics of the amide side-chain substituents. One might expect that such effects would show themselves in small differences in the interatomic distances in these molecules, and in details of molecular conformation of the kind observed in phenoxymethylpenicillin. Substituents such as chlorine or NH3+ at the ac-carbon atom of the benzyl group have the same distance relations as the phenoxymethyl oxygen atom to the side-chain amide atoms in the corresponding penicillin. It would be interesting to see whether they adopt similar arrangements in space. SUMMARY 1. Crystals of phenoxymethylpenicillin were grown from acetone by the addition of water. They were found to be monoclinic, space group C2, a = 12-79+±0902Ai, b = 11-236 ± 09007A, c = 13-39 ± 002A, 9 = 115°44', Z = 4. and hence the stability of the molecule as a whole. A similar close contact must certainly occur in benzylpenicillin sulphone methyl ester, which was early discovered among penicillin derivatives to be remarkably stable to acid.
The intensities of 1670 reflexions recorded on
Weissenberg photographs were measured, partly visually, partly with a microdensitometer. Some difficulty was experienced from the deterioration of crystals during X-ray photography. 3. The structure was solved through the calculation of a three-dimensional Patterson synthesis, with coefficients modified to correspond to those from point atoms at rest. The S-S-vector peak was the highest observed. Other atomic positions were recognized by locating pairs of peaks in the Patterson distribution related by the S-S vector. The only atomic position not so found was shown in a subsequent calculated three-dimensional electron-density distribution.
4. The structure was refined by a threedimensional anisotropic least-squares treatment.
Though the R value is now 12-6 %, the precision of atom placing does not seem very high. C-C distances deviated from expected values by an average of 0-035A, maximum 0-06A.
5. The molecule is present in the crystal structure as the free acid; hydrogen bonds between the amide oxygen atom and the carboxyl hydroxyl group link succeeding molecules in the direction of the b axis. The thiazolidine-l-lactam nucleus is geometrically similar to that found in the benzylpenicillin salts; but rotations about single bonds change markedly the relative orientations of the benzene rings in the two molecules. There is a close contact, 2*581, between the side-chain amide nitrogen atom and the oxygen of the phenoxymethyl group, which may indicate the presence of a very weak internal hydrogen bond in the molecule.
A Partial Purification and some Properties of the Cytochrome Oxidase from Pig-Heart Muscle By C. GREENWOOD Department of Biochemi8try, University of Sheffield, Sheffield 10 (Received 23 July 1962)
The preparation described below was first found as a fraction appearing on digestion of a Keilin & Hartree (1947) heart-muscle preparation with venom from Agkiw8trodon pi8civorus (cotton-mouth moccasin), and a preliminary account of this has been given by Gibson, Greenwood & Massey (1960) . The material differs from other cytochromeoxidase preparations in being sufficiently clear to allow spectrophotometric studies without requiring the addition of cholate or detergents to bring it into solution. Although the preparation is much less active than that of Griffiths & Wharton (1961) , it compares well on a Q0 basis with most others in the literature and may be useful where wetting agents are especially undesirable. The present paper gives details of the method of preparation and analytical results for iron and copper, together with spectrophotometric data.
MATERIALS
Potassium chloroiridate was obtained from Johnson, Matthey and Co. Ltd., 78-83 Hatton Garden, London, E.C. 1. Sodium dithionite (not less than 85%), ethylenediaminetetra acetic acid (EDTA), ascorbic acid and 2,3. dimercaptopropanol (BAL) were obtained from British Drug Houses Ltd., Poole, Dorset. Solutions of EDTA and ascorbic acid were neutralized with NaOH in making up to standard concentrations. All other chemicals used were of analytical reagent quality. Asolectin (purified soya phosphatides) was a gift from Associated Concentrates
